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Abstract. Muon imaging of volcanoes and of geological
structures in general is actively being developed by several
groups in the world. It has the potential to provide 3-D den-
sity distributions with an accuracy of a few percent. At this
stage of development, comparisons with established geo-
physical methods are useful to validate the method. An ex-
periment has been carried out in 2011 and 2012 on a large
trachytic dome, the Puy de Doˆme volcano, to perform such a
comparison of muon imaging with gravimetric tomography
and 2-D electrical resistivity tomography. Here, we present
the preliminary results for the last two methods.
North–south and east–west resistivity profiles allow us to
model the resistivity distribution down to the base of the
dome. The modelling of the Bouguer anomaly provides mod-
els for the density distribution within the dome that are di-
rectly comparable with the results from the muon imaging.
Our ultimate goal is to derive a model of the dome using the
joint interpretation of all sets of data.
1 Introduction
The Puy de Doˆme is a 11 000-yr-old and 400-m-high tra-
chytic dome located in the central part of the Chaıˆne des Puys
volcanic field (Massif Central, France). Its morphology sug-
gests the presence of two distinct units (Fig. 1), the second
unit being situated in the scar of a sector collapse of the
first unit (Boivin et al., 2009). The high-resolution (50 cm)
topography from a LiDAR survey (Fig. 1) tends to support
this structural model. The Puy de Doˆme construction was
accompanied and followed by significant fumarolic and hy-
drothermal activity, as shown by the hydrothermal alteration
features on summit outcrops. A late phreatomagmatic erup-
tion of weak amplitude marked the end of the dome activity
(Miallier et al., 2010).
The ToMuVol (Muonic Tomography of Volcanoes) collab-
oration brings together geologists and volcanologists from
LMV (Laboratoire Magmas et Volcans) and particle physi-
cists from IPNL (Institut de Physique Nucle´aire de Lyon) and
LPC (Laboratoire de Physique Corpusculaire). The collab-
oration develops muon tomography for studying and mon-
itoring volcanoes. At the origin of muon tomography, the
muon radiography is an old technique applied as early as
1970 to the study of pyramid structure (Alvarez et al., 1970),
and more recently applied to volcanoes (Nagamine, 1995;
Nagamine et al., 1995). Radiographic measurements (Tanaka
and Yokoyama, 2008; Tanaka et al., 2005, 2007, 2009a,b)
and even a tomographic imaging (Tanaka et al., 2010) have
already been carried out on small volcanoes in Japan. In ad-
dition, a recent study makes a first comparison of muon ra-
diography results (Gibert et al., 2010; Marteau et al., 2012)
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Fig. 1. (a) High-resolution LiDAR DTM of the Puy de Doˆme (50 cm resolution, CRAIG – GeoPhenix 2011, coordinates in meters WGS84,
UTM31N). The two inferred constructional units of the volcano are identified: the first construction is a spiky dome to the west, whereas a
peak forms the second construction and its deposits form very regular slopes at the east. A collapse scar is identified in the southern part of
the dome. (b) Topographic map of the Puy de Doˆme volcano.
with other geophysical data for la Soufrie`re de Guadeloupe
volcano (Lesparre et al., 2012).
The Puy de Doˆme was selected as an experimental site
for the ToMuVol project, because, besides its accessibility
and proximity to the laboratories in Clermont-Ferrand, it has
ideal geological and morphological characteristics: it is a
large target with simple external shape but likely complex
internal structure. Radiographic measurements using atmo-
spheric muons were performed in 2011 and 2012 from two
different viewpoints (Caˆrloganu et al., 2012). Two geophysi-
cal surveys have been carried out on the Puy de Doˆme: elec-
trical resistivity tomography measurements (June 2011 and
May 2012) and a high-resolution gravity survey (March and
May 2012).
The objective of this work is to make a preliminary com-
parison of the structure models inferred from electrical and
gravity measurements. Since a preliminary density distribu-
tion obtained through muon radiography in 2011 is available
for the Puy de Doˆme (Be´ne´, 2012; Caˆrloganu et al., 2012), it
can be compared with these geophysical models.
2 Methodology
2.1 Electrical resistivity tomography (ERT)
The ERT method provides images of the distribution of the
electrical resistivity of the rocks at depth. In the case of the
Puy de Doˆme volcano, field measurements were made with
a quadripole system. An electric current is injected through
two electrodes, and the remaining two electrodes measure
the potential difference created by this current in the mid-
dle of the line of electrodes (Marescot, 2004 and references
therein). Since the electric field depends on the distribution
of resistivity, the measurement of the injected current and of
the potential difference allows the calculation of an apparent
resistivity for different quadripole geometries. The resistivity
distribution at depth is investigated by modelling.
The rock resistivity depends on the content and nature of
the fluid (usually water), the permeability and the alteration
of the rocks (presence of hydrated minerals). Geological in-
terpretations of resistivity models can be ambiguous, because
different lithologies can have similar resistivities and also be-
cause of the non-uniqueness of the calculated models. On the
other hand, the resistivity of rocks within a structure such as
the studied dome may vary significantly (a several orders of
magnitude range is likely for the Puy de Doˆme), and there-
fore the method has a high potential to differentiate volcanic
structures.
Figure 2 shows the location of the electrical acquisition
lines. We used an ABEM SAS 4000 system with 64 elec-
trodes, with an electrode spacing of 5 m in the summit area
and of 35 m on the flanks. The measurement protocols used
were both Wenner, which has the best vertical sensibility, and
Wenner–Schlumberger, which offers both vertical and hori-
zontal sensibilities (White et al., 2003). For the eastern part
of the west–east profile, we suspect that a connection default
in the electric line may have perturbed the measurements,
and therefore we do not use this segment of the data here.
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Fig. 2. Location of the ERT lines and gravimetric stations on the Puy de Doˆme volcano (coordinates in meters WGS84, UTM31N). (a) ERT
lines in N–S direction (blue dots) and E–W direction (red dots) are composed of 64 electrodes with 35 m electrode spacing; (b) ERT lines
in the summit area (electrode spacing 5 m) in N–S (green dots) and E–W (orange dots) directions. White crosses represent gravity stations.
Yellow square refers to muon telescope position during the Grotte Taillerie campaign (January to July 2011).
The Res2Dinv software, developed by Loke and Barker
(1996), was used to calculate 2-D models. Prior to inversion,
data points can be visualized and edited. The data are plotted
as pseudo-sections (a conventional presentation where the
measured values are plotted at the centre of the quadripole,
at the intersection of two 45◦-dipping lines originating from
current (i.e. outer) electrodes). For a given pseudo-depth,
the values between adjacent points vary generally steadily.
Sometimes, we can observe a value that departs abruptly
from this trend. If the variation is unrealistically large, we
can suspect a spurious measurement and we suppress the
corresponding data. Bad points are usually due to poor elec-
trode ground contact. In the Puy de Doˆme case, 2 points out
of 2225 were suppressed along the north–south profile and
23 points out of 2156 were suppressed along the west–east
profile. The datasets along each profile comprise the data
from both 35 and 5 m electrode spacing lines. The altitude
of electrodes is taken into account in the sections provided
by Res2Dinv model.
2-D resistivity models calculated with Res2Dinv have ob-
vious limitations when a 3-D structure is suspected, but they
have a proven ability to provide valuable information at the
scale of a volcanic edifice (e.g. Finizola et al., 2006; Revil et
al., 2004, 2008).
2.2 High-resolution gravity survey
The gravity survey method maps the gravity field variations
induced by the uneven density distribution of the geologi-
cal target. We have used a Scintrex CG-5 gravimeter that
measures the relative gravity value difference between mea-
surements stations. The absolute values of g at the survey sta-
tions are computed using four reference stations of the New
International Absolute Gravity Database (AGrav, Wilmes et
al., 2009), available in (or close to) the area of our survey. In
our survey, the station spacing (Fig. 2) was about 250 m in
the distal zone (between 1 and 2 km from the summit) and
80 m in the proximal zone (1 km around the summit). Abso-
lute gravity bases and secondary bases established during the
survey were measured during each daily prospect. Typically,
50 % of the station and base measurements were repeated
twice during each prospect in order to have an optimum con-
trol on the quality of the data. The stations were localised
using differential GPS measurements, and the resulting al-
timetry precision is better than 7 cm.
For structural prospecting, the interpretation is usually
based on the Bouguer anomaly that represents the differ-
ence between theoretical values for a homogeneous Earth
and measured values. It is calculated from gravity data af-
ter several corrections are applied. The corrections are the
following: instrumental and tide drift corrections, theoreti-
cal gravity value calculation (or latitude correction), free air
correction, plateau correction (depending on density correc-
tion value ρcor) and topography correction (also with ρcor)
(Chapin, 1996; LaFehr, 1991; Nowell, 1999; Telford et al.,
1976). The topography correction was calculated using a
high-resolution 50 cm DTM (Digital Terrain Model) with a
vertical precision of 10 cm. The resultant Bouguer anomaly,
obtained with an accuracy estimated to 0.05 mGal, reflects
the density variations in the ground (Portal, 2012).
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Fig. 3. 2-D resistivity models: (a) north–south direction; (b) west–east direction.
3 Results
3.1 Resistivity distribution models of the Puy de Doˆme
volcano
The two models shown in Fig. 3 have a rms error value of
7.4 % for the north–south section and 16.9 % for the east–
west model. The rms is calculated from the difference be-
tween the measured apparent resistivity and the apparent re-
sistivity calculated for the model at each measurement point.
Adding the data from the summit electrical survey, with 5 m
electrode spacing, to the 35 m electrode spacing data, leads
to a finer image of the superficial structures in the summit
area.
The models show a general heterogeneity of the Puy de
Doˆme. Parts with resistivity higher than 5 km suggest mas-
sive, unaltered or poorly altered rocks of the dome extrusion.
Alternatively, they could also be low permeability, dry brec-
cias or pyroclastics. Low resistivity parts (ρ < 1 km) can
correspond to wet or intensely altered or brecciated rocks, or
rocks containing conductive minerals (clay for example).
Superficial zones with high resistivity values are observed
along the Puy de Doˆme slopes. These formations have low
thickness (tens of meters). Recent geological observations
suggest that these structures could be lava flows emitted from
a summit vent (D. Miallier and P. Boivin, personal commu-
nication, 2012).
In the periphery of the Puy de Doˆme, high resistivity for-
mations coincide with strombolian cones made of trachy-
basaltic scoriae (Petit Puy de Doˆme, Puy Lacroix and Coˆne
de Cornebœufs).
3.2 Bouguer anomaly map
The Bouguer anomaly is often correlated with the topogra-
phy if the uniform density used for the topography correc-
tion is too different from the density of the rocks that cre-
ate the topography. The Nettleton test determines the correc-
tion density that minimises the topography–anomaly corre-
lation (Nettleton, 1939). In the case of the Puy de Doˆme, the
Nettleton test gives a correction density of 2.0× 103 kg m−3.
This density value corresponds to the averaged density at the
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Fig. 4. Sections in the 3-D density models of the Puy de Doˆme volcano.
volcano scale. This value is in good agreement with density
measurements on samples of the Puy de Doˆme rocks, which
gave a range of 1.6–2.2× 103 kg m−3.
The local anomaly was calculated by subtracting the re-
gional component (first degree surface estimate). The result-
ing residual Bouguer anomaly with a density correction of
2.0× 103 kg m−3 was used for the modelling.
The 3-D gravity models were obtained using an inversion
package, GROWTH2.0, developed by Camacho et al. (2011).
The range of density variation in the model has been fixed
at 2.00± 0.64× 103 kg m−3 corresponding to standard val-
ues for trachytic domes and scoria cones. The rms inversion
residual obtained for this model is better than 0.02 mGal.
Although this preliminary model still needs to be refined
(for example by taking into account density measured on
samples representative of the different types of rocks ob-
served at the surface), it nevertheless provides a first order
model of the density distribution within the dome. Figure 4
shows two 2-D sections extracted from the Puy de Doˆme 3-D
density model along the ERT profiles paths.
The dome construction is clearly heterogeneous in terms
of density. A dense core is present under the summit area. In
the present model, it extends down to about 200 m below the
surface, but, as the reliability of the model decreases with
depth, its lower boundary cannot be precisely determined
without further constraints. This dense core is surrounded by
lower-density structures visible in Fig. 4. Beneath the lower
slopes of Puy de Doˆme volcano, we observe formations
with low-density values that are unambiguously associated
in some areas with strombolian cones observed at the surface
(Puy Lacroix, Petit Puy de Doˆme, and Coˆne de Cornebœufs).
These cones are mainly composed of low-density scoria-
ceous material. Only to the east, a low-density structure, very
similar to those of the strombolian cones, cannot be formally
attributed to a similar construction, because only products
from the trachytic dome are present at the surface.
4 Discussion
4.1 Comparison of resistivity and density models
The comparison of the geophysical models inferred from
electrical resistivity and gravity measurements along the
north–south direction (Fig. 5a and b) shows both similar and
different structures. Among the similar structures, the R10
and R11 high resistivity areas and the D5 and D3 low-density
areas clearly match with two strombolian cones: the Petit
Puy de Doˆme at the north and the Puy Lacroix towards the
south. Inside the dome, the correlation between resistivity
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Fig. 5. Comparison of geophysical models along north–south direction: (a) 2-D resistivity model, (b) 3-D density model from gravimetry
and (c) opacity model from muonic tomography (Caˆrloganu et al., 2012).
and density structures is not clear. Indeed, the dense D1 struc-
ture appearing in the gravimetry model has no resistivity
equivalent as we would expect that massive intrusions would
have both resistivity and density values higher than those of
the other deposits such as pyroclastics and breccias. In the
case of the Puy de Doˆme volcano, the correlation between
physical properties of rocks and their nature appears to be
more complex.
Considering the geological nature of the Puy de Doˆme,
the dense central structure can be interpreted as a massive
trachytic structure. However the variable resistivity of this
structure can probably be linked to fracturing processes that
facilitate the alteration of rocks by giving way to hydrologic
and hydrothermal circulations. Obviously, the joint compar-
ison of the resistivity and density structures has to be fur-
ther investigated in the case of the Puy de Doˆme. Rock sam-
ple study will help to understand the resistivity and density
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structures and will provide robust constraints to compute new
geophysical models.
4.2 Comparison of gravity and muon models
Preliminary results for the Puy de Doˆme opacity to atmo-
spheric muons, measured in the Grotte Taillerie (radiography
along the north–south section), are presented and discussed
elsewhere (Caˆrloganu et al., 2012) Fig. 5c). This opacity is
highly correlated to the integrated density along measure-
ment viewpoints, though the muon radiography measure-
ment is too preliminary to claim a density measurement us-
ing muons. Using Fig. 5 (b and c) we can attempt a first
comparison of the preliminary results from the muon ra-
diography with the density models obtained from gravity
measurements.
The muon opacity image integrates the signal of muons
crossing the dome along the west–east direction. Since muon
attenuation is linearly linked with the rock density, compar-
isons with the gravity data can be attempted, keeping in mind
that Fig. 5b represents a section in a 3-D model and Fig. 5c is
linked to the integrated density across the dome. The dense
margin along the topography profile is very likely an artefact
due to the very low energy component of the atmospheric
muon flux, which was not yet properly modelled and is dom-
inant when measuring attenuation through small amounts of
material.
The two models show a dense core located beneath the top
of the volcano. This constitutes a strong validation for both
methods. For the rest of the dome, where it is well inves-
tigated by the muon imaging (i.e. excluding the thick base
of the dome where the muon signal is too small to be ex-
tracted from the contamination due to the atmospheric show-
ers), more structures are observed. At this stage, we have not
carried out a detailed analysis of these structures because of
the preliminary nature of the muon radiography image re-
sults. However, it can be noted that even this preliminary im-
age provides a good insight into expected accuracy of the
muon imaging.
In the future, we intend to perform a joint inversion of
the gravity and muon data to obtain better constrained mod-
els. This approach has already been applied by Nishiyama et
al. (2012) for the Mt. Showa-Shinzan lava dome.
5 Conclusions
This study aims at comparing different geophysical models:
ERT and gravity, on the one hand, and a comparison of these
methods with muonic tomography on the other hand. Our
goal is to develop a method to study the interior of volcanoes
with muon tomography alone or with the addition of other
conventional geophysical methods.
Our preliminary results on the Puy de Doˆme volcano illus-
trate the complex correlation between different parameters.
Density and resistivity models are poorly correlated. There-
fore further investigations, particularly on samples, are nec-
essary to understand the differences between the density and
resistivity structures of the dome. On the other hand, muon
imaging and density models obtained by gravity data inver-
sion are, as expected, better correlated.
Nevertheless the preliminary geophysical models provide
new information on the Puy de Doˆme inner structure and for-
mation. In particular, they strongly suggest that the volcanic
construction is not formed by the dome alone, but that this
latter is erected inside a cluster of pre-existing large scoria
cones. Study on the physical properties of the rocks of the
Puy de Doˆme is also necessary to better constrain our ini-
tial models. New geophysical measurements will also be car-
ried out on the Puy de Doˆme volcano to improve the existing
dataset. The development of joint inversions is also consid-
ered in order to build models consistent with the different
parameters.
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